Granulation is one of the most important processes in pharmaceutical manufacturing. Powders show improved flowability and content uniformity as a result of granulation. Hot-melt granulation (HMG), using meltable materials as thermal binders, is classified as a dry granulation method. HMG is a well-known granulation technique that utilizes adhesion due to the melting or softening of materials that are heated to near or above their melting point. 1) Currently, HMG is of great interest in the pharmaceutical field, since granules may be prepared simply without using solvents or water. HMG is also a very useful method for granulating and stabilizing drugs that are susceptible to hydrolysis.
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2) Ukita and Murakami demonstrated that melt granulation prevented the vaporization of essential oils during the granulation process because the melted material covered the surface of the granules.
3) The melt granulation process can also be applied to prepare sustained-release dosage forms of drugs. Maejima et al. developed the tumbling melt granulation (TMG) technique, which is a type of powder coating method using hydrophobic melting materials for the production of sustainedrelease beads. [4] [5] [6] Faham et al. investigated hot-melt coating technology using a spray system. 7) In addition, this technique has advantages for scaling-up and process validation because there are only a few controlling parameters. 8) Conventional HMG is performed in a high shear mixer or a tumbling mixer with almost 30 w/w% of low melting point material and other powder excipients. As a result, granules prepared by the HMG method are dense and very hard, having a sand-like feeling. Therefore, this method was not thought to be good for making preparations of granules and fine granules as defined by the Japanese Pharmacopoeia XIV.
On the other hand, we have developed fluidized hot-melt granulation (FHMG), a novel, simple, and useful method of preparing granules without using solvents or water. [9] [10] [11] [12] This technique is also easily controlled, so we have investigated its usefulness in the field of pharmaceutical formulation and production technology. 9) In general, fluidized bed granulation is a suitable method to prepare fine granules as well as granules for tabletting, because the lack of any shear force during granulation results in porous granules with a low strength. 13, 14) Our studies have also shown that granules prepared by the FHMG method are softer compared with those obtained by the conventional HMG method. In previous studies, FHMG has been shown to have the capability to make fine, taste-masked granules containing a bitter drug substance, 11) as well as being useful for making granules for tabletting. 15) Schaefer et al. studied the effect of process 16, 17) and formulation variables [18] [19] [20] on melt granulation with low molecular weight PEGs using a high shear mixer. Voinovich et al. also investigated the effect of the apparatus and the process variables during melt pelletization using a high shear mixer. 21) Haramiishi et al. reported a formulation study and the mechanism of obtaining mononucleic granules with a high yield by FHMG. 9) However, most studies have concentrated on formulation and have been performed to investigate the granulation mechanism or the optimum conditions. Thus, few reports have described the solidification process of melting materials during HMG.
The objective of the present study was to investigate the effect of the crystallization behavior of Macrogol 6000 (polyethylene glycol 6000; PEG 6000), which is used as a binder, during the solidification process on the properties of mononucleic granules prepared by a FHMG. The crystallization behavior of PEG 6000 from molten liquid was investi-gated using differential scanning calorimetry (DSC) and hot stage microscopy. The process of isothermal crystallization was analyzed by a solid-state decomposition method. 22, 23) Granules produced by the FHMG technique were also evaluated.
Experimental
Materials Macrogol 6000 (polyethylene glycol 6000; PEG 6000, NOF Corp., Tokyo, Japan) was of JP grade. PEG 6000 was pulverized by a sample mill, and then sieved. The fraction obtained between the 180 mm and 250 mm screens was used for granulation. Cetraxate hydrochloride (CET, Daiichi Pharm. Co., Ltd.) was used as a model drug. a-Lactose monohydrate 450 mesh (Pharmatose 450 M) was purchased from DMV (Veghel, The Netherlands). The other materials used were corn starch (Nihon Shokuhin Kako Co. Ltd., Tokyo, Japan) and talc (Matsumura Sangyo Co. Ltd., Osaka, Japan).
Methods. FHMG Granules were prepared by the FHMG technique using a fluidized-bed system (FLO-1, Freund Industrial Co. Ltd., Tokyo, Japan). Table 1 shows the formulations employed for FHMG. The content of PEG 6000 as a binder was fixed at 25 w/w % and its particle size was 180-250 mm. PEG 6000 and the other powders were added to the fluidized-bed, and then the inlet temperature and the shaking/interval time were set at 85°C and 2 s/15 s, respectively. The air flow rate was adjusted to 1 m/s. The powders were heated and held for 10 min when the powder bed temperature reached 65°C, after which the powders were cooled to 40°C.
Measurement of the Size Distribution and the Mean Diameter of Granules Prepared by FHMG Sieve analysis was carried out using a rotap shaker (Iida Seisakusyo Co. Ltd., Osaka, Japan). Granules were sieved with 150, 180, 250, 355, and 500 mm sieves. Then the size distribution and the mean diameter of the granules were calculated from the log-normal distribution equation.
Characterization of PEG 6000 The solidifying temperature of PEG 6000 was determined by using a differential scanning calorimeter (DSC-7, Perkin-Elmer Corp., CT, U.S.A.). The instrument was calibrated with an indium standard before measurement. Approximately 10 mg samples were weighed and sealed in aluminum pans. The samples were heated to 80°C and cooled to Ϫ20°C at a rate of 10°C/min. Scanning was done under a nitrogen purge at a heating rate of 5°C/min.
The viscosity of molten liquid PEG 6000 was measured at 98.89°C (210 F) by using a Cannon-Fenske viscometer according to the JIS K-2283 method. PEG 400 was used as the outer medium.
The mean molecular weight of PEG 6000 was measured by the gel permeation chromatography (GPC) method (column: TSK gel G 6000 PW XL ϩ G 3000 PW XL , 7.8 mm i.d.ϫ60 cm, column temperature: 40°C, mobile phase: 50 mmol/l NaCl, flow rate: 1.0 ml/min, injection volume: 200 ml). PEG 6000 (5 g) was dissolved in 100 ml of purified water, and then the pH was determined with a pH meter.
Isothermal Crystallization of PEG 6000 DSC (DSC-7, Perkin-Elmer Corp., CT, U.S.A.) was used to investigate the isothermal crystallization behavior of molten PEG 6000. Approximately 10 mg samples were weighed and sealed in aluminum pans. In order to crystallize PEG 6000 at the target temperature under the supercooling state as correctly as possible, the samples were heated and held at 80°C for 5 min, and then were flush cooled to 40, 43, and 45°C at a cooling rate of Ϫ200°C/min using liquid nitrogen. Isothermal crystallization was done each temperature and the process of crystallization was analyzed by the Hancock-Sharp method.
23) The most common and widely applicable kinetic equation for solid-state decomposition was described by Avrami-Erofeev 22) as follows:
where a is the ratio of transition at time t, B is the constant, and m is the intrinsic value obtained from the theoretical equation for solid-state decomposition. a was determined by measuring the area under the crystallization peak of DSC profile at each temperature. Equation 1 can be written as
When the slope m is calculated from the plot of ln[Ϫln(1Ϫa)] versus ln t, the mechanism of solid-state decomposition can be classified by referring to Table 2 . The isothermal crystallization time (ICT) was defined as the time for complete solidification and was determined from the DSC profile.
Hot Stage Microscopy To observe its crystallization behavior, molten PEG 6000 was monitored and recorded using a hot stage microscopy system (FP84HT, Mettler Toledo, Switzerland) with a polarized filter. Molten PEG 6000 was cooled at a rate of Ϫ2°C/min by controlling the temperature of the hot stage.
Powder X-Ray Diffraction (XRD) A powder X-ray diffractometer (MXP-3, MAC Science, Tokyo, Japan) was used to characterize the crystalline properties of PEG 6000. Samples were exposed to Cu-Ka radiation under 35 kV and 20 mA over the 2q range from 10°to 40°at increments of 2°/min.
Scanning Electron Microscopy (SEM) Granules were mounted on SEM sample-stubs using double-faced adhesive tape and were coated with gold-palladium. Observation was carried out at a voltage of 15 kV on an SEM instrument (JSM-5600LV, JEOL Ltd., Tokyo, Japan).
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Vol. 51, No. 5 Results and Discussion FHMG FHMG is recognized as a novel and a simple method of making granules with a small size distribution. Haramiishi et al. investigated the formulation and mechanism of FHMG. 9) They reported that there was an optimum ratio between the powder and the melting material to obtain mononucleic particles by FHMG, which was related to the specific surface area and weight. 9) In this study, PEG 6000 was fixed at the optimum amount of 25 w/w % to obtain the highest yield of fine granules and the lowest amount of 150 mm pass (%). The other materials used, apart from PEG 6000, were all from the same lots to avoid inter-lot variations.
Various characteristics of the six lots of PEG 6000 used in this study are summarized in Table 3 . No marked inter-lot differences of physical properties were observed. There were also no significant differences of the powder X-ray diffraction patterns of PEG 6000. After FHMG was done using CET as the active drug, however, a marked difference in the amount of 150 mm pass (%) was observed (Fig. 1) . The content of CET under 150 mm was approximately 145% of the ideal amount, which means the labeled amount of CET/g. Lots A and B showed a smaller fine particle fraction compared with lots of C, D, E, and F. When lactose with the same mean diameter was used instead of CET, almost the same tendency of the amounts of particles under 150 mm (%) were obtained, as shown in Fig. 1 . When the heating and cooling processes during granulation were observed in detail, it was found that fine powder was generated during the solidification process. Since no significant inter-lot differences of the physicochemical properties of PEG 6000 were observed, we focused on the solidification of PEG 6000. Using DSC, Larhrib and Wells demonstrated differences in the compression properties of PEG 10000 after thermal treatment. 24) Therefore, to clarify the influence of differences between lots of PEG 6000, the solidifying properties of each lot were evaluated by using DSC.
Characteristics of PEG 6000 Generally, it is known that a supercooling phenomenon will be observed during the solidification of polymers like PEG 6000 and this phenomenon was observed for molten PEG 6000. To clarify the solidification properties of PEG 6000, isothermal crystallization was investigated by DSC at a cooling rate of Ϫ200°C/min. Figure 2 shows the isothermal crystallization profile of Lot B, which yielded the smallest amount of fine particles (150 mm pass). When the isothermal crystallization temperature was set at 40, 43 and 45°C, the ICT was 0.7 min, 1.7 min, and 3.0 min, respectively. As the isothermal crystallization temperature became higher, the ICT tended to become longer. On the other hand, the isothermal crystallization profile of Lot C, which yielded the largest amount of fine particles (150 mm pass), is shown in Fig. 3 . At every isothermal crystallization temperature, PEG 6000 was rapidly crystallized and the ICT was under 1 min. From these results, it was found that Lots C, D, E, and F of PEG 6000, which yielded relatively large amounts of 150 mm pass (%) after FHMG, had considerably shorter ICTs than Lots A and B during isothermal crystallization. Table 4 shows a comparison of the lots classified by slow or rapid crystallization. However, no marked differences of the physicochemical parameters were observed.
The heat of fusion (DH) during isothermal crystallization at 40, 43, and 45°C was investigated for each lot of PEG 6000. Lots A and B were defined as showing slow crystallization, whereas Lots C, D, E, and F were defined as showing rapid crystallization. A summary of the DH values of PEG 6000 during isothermal crystallization is shown in Table 5 . No significant difference of DH values was observed between PEG 6000 lots showing slow or rapid crystallization. These results were consistent with the X-ray diffraction patterns of the PEG 6000 lots before melting and after crystallization. It was concluded that the crystalline form of PEG 6000 was the same for slow and rapid crystallization.
The crystallization process of PEG 6000 under isothermal conditions were analyzed by the Hancock-Sharp method, 23) which can be applied to understand the transition of polymorphic forms 25) or crystallization. 26) With this method, the slope m estimated by plotting ln[Ϫln(1Ϫa)] against ln t according to Eq. 2 is used in order to distinguish the reaction mechanism:
where a is the fraction of transition and B is a constant. The . On the other hand, the m value of PEG 6000 showing rapid crystallization was 2.1Ϯ0.1, indicating that crystallization followed the mechanism of the two-dimensional growth of nuclei (A 2 ). Morphological observation of PEG 6000 during crystallization was also done. To observe crystallization behavior, molten PEG 6000 was monitored and recorded by using a hot stage microscopy system with a polarized filter. Figure 6a shows the crystallization of Lot B from a temperature of 48.5 490 Vol. 51, No. 5 to 42.9°C. At 48.5°C, only one crystal nucleus was seen in the field of view, and it was recognized that the nucleus grew slowly to form a large crystal. On the other hand, many nuclei were observed in the sample of Lot C at the same temperature at 48.5°C, and many small crystals were seen in the field of view (Fig. 6b) . At the end of the crystallization process at 42.9°C, many cracks between crystals were observed due to the effect of crystal growth. It was thought that the amount of fine particles under 150 mm was determined at the time of solidification during FHMG because of the creation of cracks between PEG 6000 crystals. 
Effect of Crystallization on the Properties of Granules
Based on the results obtained above, the relationship between the ICT and the amount of 150 mm pass (%) after FHMG using PEG 6000 is summarized in Fig. 7 . It is obvious that the ICT of PEG 6000 affects the amount of fine particles after FHMG, since Lots A and B with a long ICT yielded fewer such particles compared with lots having a short ICT when using both CET and lactose as actives. When the amount of 150 mm pass (%) was plotted against the ICT of PEG 6000, a good correlation was observed using both CET and lactose (Fig. 7) . Therefore, prediction of the amount of 150 mm pass (%) is possible by measuring the ICTs for CET and lactose. Moreover, PEG 6000 with an ICT of more than 2 min is preferable for FHMG. Generally, it is recognized that fewer fine particles is an advantage for taste masking coating or for packaging processes.
The morphological feature of granules obtained by FHMG were investigated using SEM. Figure 8 shows the surface of the granules containing Lot C. The crack on the surface of the granules is observed.
Thermodynamically, crystallization rate becomes larger when the difference of the free energy of PEG 6000 between the phases of the molten liquid and the crystalline caused by the phase separation during the crystallization process increases. Therefore crystallization rate became larger when nuclei generated more, and ICT was considered to be shorter because of the two-dimensional growth of nuclei mechanism.
On the other hand, crystallization rate became smaller when nuclei generated fewer, and ICT was considered to be longer because of the three-dimensional growth of nuclei mechanism. After crystallization, cracks between the crystalline of PEG 6000 were generated more along with the discontinuous planes when crystallization rate was larger, since nuclei generated more.
From these results, the difference in the crystallization mechanism of PEG 6000 influenced the generation of the crack on the surface of the granules. Anti-adhesion of powder occurred at the point of crack during the crystallization of PEG 6000, and the amount of particle under 150 mm could be influenced.
A schematic representation of the mechanism of fine powder generation from mononucleic granules during FHMG is shown in Fig. 9 . In phase 1, the meltable material (such as PEG 6000) begins to melt and an adhesion force acting on the particles is generated. In phase 2, the meltable material starts to diffuse between the powders adhering to its surface when the temperature exceeds its melting point. The molten material is diffused and spreads between the particles in phase 3. After heating, the granules are cooled below the solidifying temperature of the meltable material in phase 4. During solidification of the granules, the meltable material is crystallized. When the meltable material has a long ICT, powder adheres to the surface strongly during the crystallization process. However, if the meltable material has a short ICT, the powder does not adhere so well during cooling process of FHMG, since many cracks between PEG 6000 are generated on the surface of the granules after crystallization Table 3 .
due to the reduced sticking of particles on the surface of mononucleic granules.
Conclusions
The effect of the crystallization properties of PEG 6000 (used as a melting material) on mononucleic granules prepared by a novel FHMG method was investigated. It was found that PEG 6000 has two different crystallization mechanisms, one being two-dimensional growth of nuclei mechanism (A 2 ), the other being three-dimensional growth of nuclei mechanism (A 3 ). The amount of small particles (150 mm pass) in the granules showed a decrease with the increase of ICT. This indicates that a short ICT of PEG 6000 depending on its crystallization behavior may strongly affect on the particle size distribution and lead to decreased taste masking of granules. Therefore, the crystallization behavior of PEG 6000 for used in FHMG should be monitored. To reduce the amount of fine particle after FHMG, PEG 6000 having an ICT of more than 2 min at 45°C should be used.
The results of this study also indicate that FHMG is a simple and a useful method of preparing granules without the need for solvents or water. However, the crystallization behavior of the melting material should be taken into account carefully.
Generally, it is well known that existence of a very small amount of impurities, or an addition of some ingredient, affects on the generation of crystal nuclei. However, it is still unclear what affects the crystallization behavior of PEG 6000. To identify the factors that modulate crystallization of PEG 6000, further studies are necessary.
